The influence of fish on the mooring loads of a floating net cage is studied numerically and experimentally. Two experimental series were conducted. One case was model tests with artificial fish. Nine rigid fish models with total volume of 2.5% of the fish cage at rest were placed inside the net cage without touching the net and towed with the net cage. The other case was live fish experiments in waves and current where more than 800 salmons of length 16 cm occupied about 2.5% of the fish cage volume at rest. The flow-displacement effect of a rigid fish in current was simulated by a potential-flow slender-body theory. Viscous wake effects were added. The displacement flow is clearly more important than the viscous wake flow. Both the numerical simulations and the model tests with rigid fish in current show that the fish influence on the mooring loads of the fish cage is less than 3% of the mooring load without fish. However, the measured mooring loads with live fish in current are between 10% and 28% larger than without fish. The reason is contact between the fish and the net cage. Accounting for the latter fact in the numerical model by changing the local solidity ratio of the net in the contact area gave reasonable numerical predictions. The experiments in waves and combined waves and current also showed a non-negligible influence of the fish on the mooring loads. The waves influenced the behaviour of the fish * Corresponding author Email address: zhao.he@ntnu.no (Zhao He)
and some of the fish went to the net bottom possibly due to that they were uncomfortable in the wave zone.
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Introduction
Structural failure of the net cage is a main reason for fish escape in Norway (Jensen et al., 2010) [1] . Since an increase in marine fish farming in more exposed areas is expected, fish farm structures will be subjected to more intensive sea conditions. Making a more robust fish farm system requires a detailed study of 5 every aspect of the fish farm.
The fish occupy up to 2.5% of the volume of the net cage at rest. The presence of fish will influence the flow through and inside the net cage and thereby affect the oxygen consumption of the fish as a function of the dissolved oxygen level of incoming water, water exchange and biomass inside each cage. Fluid Dynamics (CFD). They suggested that the clear differences between experimental and numerical results were due to the influence of fish. Since error sources such as approximating the net as a porous media and neglecting net 25 deformation in the numerical calculations were not quantified, their studies do not show how much influence the fish has on the flow. Our experimental studies do not investigate flow details. However, the clear influence shown in the main text that living fish has on the net drag force implies by conservation of fluid momentum that there is a non-negligible influence on the flow velocity.
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A CFD method is very time consuming and unrealistic to use in simulating the behavior of all fish present in a fish farm. To what extent approximate methods can be used, is a matter of future research. If we can neglect fish-fish interaction, the single fish models by Newman and Wu (1973) [6] and Wolfgang et al. (1999) [7] can be investigated. Newman and Wu (1973) [6] used a generalized 35 potential-flow slender-body theory and Wolfgang et al. (1999) [7] applied a 3D boundary element method (BEM).
Our objective is to study experimentally and partially numerically the influence of a fish group on the mooring loads in current and waves on a net cage with a circular inelastic floater. Both rigid artificial fish and live fish are used.
40
However, fish behavior is an unknown variable and we do not know if the fish behave similarly in model tests as in full scale.
Numerical modelling of rigid fish model in current
In the numerical modelling of rigid artificial fish, axisymmetric fish bodies that do not touch the net is assumed. Hydrodynamic propulsion is neglected.
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The hydrodynamic influence of the fish on the mooring loads of the net cage is mainly due to the influence on the incident flow to the front and rear part of the net cage. Both the wake flow and the displacement flow of the fish body matter.
In describing the wake flow, we consider an axisymmetric fish body with a 50 hydraulically smooth surface in an infinite fluid and with an incident constant flow velocity U i in the longitudinal fish direction. In our considered Reynolds numbers, the boundary layer flow is laminar while the wake is turbulent. Assuming the wake is fully developed behind a smooth and streamlined body, the axisymmetric longitudinal mean turbulent wake flow velocity u can be calcu-55 lated according to Blevins (1984) [8] by equation (1) .
Here, S s is the total wetted surface area of one fish, r is the radial distance from the extended centerline of the fish body and x is the axial distance from the origin of the wake at the front end of the fish. C Df ish is the drag coeffiecient of the fish with laminar boundary layer flow, which according to Blevins (1984) [8] can be calculated by
is the drag coefficient of a plate with length L. 2B is the width of the fish, and L is the length of the fish.
The fact that the fish displace the water causes a displacement flow. Here, we assume no hydrodynamic interaction between the fish, and an infinite fluid 65 domain with potential flow is considered. We use an inertial coordinate system moving with the forward speed U of the fish, where the origin of the coordinate system is fixed at the front end of the middle fish as shown in Figure 1 . For each fish, the total velocity potential is expressed as Φ = U x + ϕ 1 where the x-axis is parallel with the longitudinal direction of the fish. Positive x is in the 70 aft direction of the fish. Slender-body theory is used and we solve the problem by matched asymptotic expansions between far-field and near-field solutions (Newman, 1977) [9] . In the far field of the fish body, the fish influence can be treated as a source distribution along the body axis. The total flow velocity potential Φ(x, y, z) in the far-field can be calculated by equation (2).
75
Φ(x, y, z) = U x − 1 4π
fish to the inflow on the net is simply added. The procedure assumes implicitly that the fish are in each others far field and that the net is in the far-field of the fish. According to Skejic and Faltinsen (2008) [10] , the far-field assumption gives quite good results even though the transverse distance between two equal Since it turned out that the displacement flow was dominant, it means that our The hydroelastic net cage model by Kristiansen and Faltinsen (2012a) [11] is used, which implies that the net deforms due to the hydrodynamic loads The incoming flow to the fish will be influenced by the upstream part of the net cage. An illustration of the incident flow to the fish is presented in Figure   1 . Furthermore, the existence of the fish will influence the incident flow to the 125 netting. The fact that the fish will influence the incident flow to the net cage is illustrated in Figure 2 . Here, which correspond to laminar boundary layer flows. Here U i = rU as in Figure   1 , and ν is the kinematic viscosity of water.
In the live fish experiments, a closed bottom net cage was needed. A sketch of the net cage is presented in Figure 5 together with main dimensions. The 
Mooring loads with artificial and live fish
In this section, the content is divided into four parts: the artificial fish in current, the live fish in current, the live fish in regular waves only and the live 190 fish in regular waves and current.
Artificial fish in current
The experimental and numerical results of the effect of the artificial fish models on the mooring loads on the net cage are first presented. In the numerical simulations, the number of transverse cross-sections on each fish body is 70 and Here F D is the difference in drag with and without fish. F D is the drag with-210 out fish. The drag due to the frame is deducted, as described earlier. We note that the displacement flow effect is more significant than the wake flow effect in the numerical calculations of drag force.
Both the numerical and experimental results indicate that the mooring load influence of the artificial fish models is insignificant and is less than 3% of the no A numerical study was made with 514 artificial fish close to the rear part of the net and 814 artificial fish with diamond-shape distribution at different layers occupying 2.5% of the net cage volume in a rigid net cage to clarify that different distribution and numbers of fish have minor influence on our conclusions.
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CFD could be attempted in order to improve the agreement between numerical and experimental results. The latter would require that net deformations are considered in the CFD calculations and require dedicated future studies.
The live fish in current
The experimental and numerical study of the live fish case in current is 245 presented in this section. Figure 9 presents experimental drag force versus The drag force on the net cage due to the live fish is between 10% and 28% higher than that for the empty net cage. This applies to both fish cases, and 255 for the whole towing velocity range. Even though the relative drag difference decreases with the current speed, the drag difference increase with the current speed as illustrated in Figure 10 . In the artificial fish case, the fish caused a difference of only about 3%. It was observed during the tests with current only that the fish gathered in the lower rear part of the net cage, and significant The difference in the drag of the net between 928 fish and 814 fish case is believed to be mainly due to the different numbers of the fish touching the net which tends to block the flow at the touching area of the net.
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The touching area is encircled in Figure 13 for the case with 814 fish in current only. In practice, the touching leads to a higher solidity ratio at this portion of the net. We used 84% of the rear half of the cone part and 18% of the rear half of the cylinder part of the net as the touching area. A locally high solidity ratio was applied for this part of the net in the numerical simulations. The pro- which means that the local deformation of the net is influenced as well.
The relative difference in drag between the numerical calculations and the drag force from the experiments without fish are presented in Figure 14 together 280 with a sensitivity study of the applied ∆Sn in Figure 13 in the range of ±0.04
with an increment of 0.01. Comparisons are made with the experimental relative drag differences in the case with 814 fish earlier presented in Figure 11 . Since the agreement between numerical and experimental values is satisfactory both when it comes to net deformation and drag force, we believe that the touching 285 between the fish and the net is the cause of the non-negligible increased drag on the net cage.
Live fish in regular waves
When we ran the experiment in regular waves only, the fish was observed to swim with an individual behaviour rather than a stationary group behaviour as 290 in current only. Furthermore, some of the fish went to the bottom of the net possibly due to that the fish was uncomfortable in the wave zone leading to that the fish already occupying the bottom was squeezed towards the bottom net and 
Live fish in combined regular wave and current
We also conducted experiments with combined regular waves and current.
The wave propagation direction was opposite to the towing carriage direction.
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Three cases with combined regular waves and current were considered. A wave period of 1.2 s and a wave steepness of H/λ = 1/30 were used in all cases.
The current velocities were U = 0.04 m/s, 0.05 m/s and 0.06 m/s. When the current was added to the waves, there was less touching between the fish and aft part of the net of the type that occurred in current only. A factor may be the 315 wave induced oscillations of the net. Furthermore, less bottom touching than in the wave only case was observed because the fish were more active to move against the current instead of going down to the bottom.
Similarly as in the wave only cases, a steady time interval is used to calculate the mean drag and the significant drag amplitude. The maximum force 320 is estimated as the sum of the mean force and the significant force amplitude.
Strictly speaking this is only true for purely harmonic signals. The mean and maximum drag with and without fish are presented in Figure 15 . Both absolute values and relative differences are plotted in the figure. The standard deviation from repetition tests is less than 3% with a 95% confidence level. As the results
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in Figure 15 show, the relative difference of the mean and maximum value of the drag force is lower than 10% of the no fish case except for the mean value in the case with current speed 0.04 m/s. The relative difference is then 15%.
Concluding remarks
This paper describes a numerical and experimental study of the influence 330 of a fish group on the mooring loads of a net cage with circular rigid floater in ambient current and waves.
Both artificial and live fish setups are considered. In the artificial fish experiments in current, a bottomless net cage was employed and nine equivalent rigid fish models in a 3×3 matrix arrangement with total volume of 2.5% of the 335 fish cage at rest were used to represent the displaced volume of all fish in a real fish farm cage. The results from the experiments indicated that the influence of the nine artificial fish models on the mooring load was less than 3%.
In the live fish experiments, more than 800 salmons of a length 16 cm occupied a closed bottom net cage. The mooring loads with fish in current were 340 between 10% and 28% larger than the loads without fish. The reason is contact mainly between the fish and the back cone part of the net cage.
Numerical simulations of the interaction between the fish and the net cage were conducted in current. A potential-flow slender-body theory was applied in the artificial-fish case to calculate the displacement flow caused by the fish. An 
